Throughout Amazonia, overfishing has decimated populations of fruit-eating fishes, especially the largebodied characid, Colossoma macropomum. During lengthy annual floods, frugivorous fishes enter vast Amazonian floodplains, consume massive quantities of fallen fruits and egest viable seeds. Many tree and liana species are clearly specialized for icthyochory, and seed dispersal by fish may be crucial for the maintenance of Amazonian wetland forests. Unlike frugivorous mammals and birds, little is known about seed dispersal effectiveness of fishes. Extensive mobility of frugivorous fish could result in extremely effective, multi-directional, long-distance seed dispersal. Over three annual flood seasons, we tracked fine-scale movement patterns and habitat use of wild Colossoma, and seed retention in the digestive tracts of captive individuals. Our mechanistic model predicts that Colossoma disperses seeds extremely long distances to favourable habitats. Modelled mean dispersal distances of 337-552 m and maximum of 5495 m are among the longest ever reported. At least 5 per cent of seeds are predicted to disperse 1700 -2110 m, farther than dispersal by almost all other frugivores reported in the literature. Additionally, seed dispersal distances increased with fish size, but overfishing has biased Colossoma populations to smaller individuals. Thus, overexploitation probably disrupts an ancient coevolutionary relationship between Colossoma and Amazonian plants.
INTRODUCTION
Long-distance seed dispersal enhances regional population persistence and gene flow between distant plant populations, enables range expansion and colonization of remote patches, and may facilitate species coexistence [1] [2] [3] [4] [5] . It is, however, difficult to quantify this critical process as long-distance dispersal events are thought to be rare [1] . Nevertheless, if fruit consumption coincides with periods of high mobility, frugivores may routinely disperse seeds long distances. Unlike frugivorous birds and mammals [1, [6] [7] [8] , we know little about the role of fruit-eating fishes as vectors of long-distance seed dispersal [9, 10] .
During annual floods that can exceed half a year in duration, frugivorous fishes consume fruits that fall into the water in Amazonian floodplain habitats, which occupy an area of more than 250 000 km 2 [9,11 -16] . Fruiting generally coincides with flooding and seeds are highly adapted to dispersal by water and/or fishes [9,17 -21] . Massive quantities of viable seeds have been encountered in the digestive tracts of fruit-eating fishes and fish-mediated seed dispersal may be crucial for plant regeneration in flooded habitats [9 -11,17,22,23] .
Despite the extensive mobility of fruit-eating fish [10] , no study to date has assessed whether fish provide longdistance seed dispersal to habitats suitable for seedling recruitment.
Animals have complex movement patterns in heterogeneous landscapes, and frugivores clearly disperse seeds to habitats that differ in quality from the perspective of the seed [6, [24] [25] [26] [27] [28] . Nevertheless, models of seed dispersal distances do not account for the loss of seeds to inappropriate habitats, despite the often stringent conditions necessary for germination and recruitment to later life-history stages [24, 29, 30] . In wetlands, effective dispersers (sensu [26] ) must deposit seeds in seasonally flooded habitats to prevent their demise in permanent bodies of water, such as rivers and lakes.
Colossoma macropomum Cuvier (Characidae; hereafter: Colossoma) is widely distributed throughout tropical South America and is an extremely commercially important fish [9, 13, 31, 32] : in the 1970s, 36-40 per cent of the fish for sale at the major Manaus (Brazil) fish market were individuals of this one species [31, 32] . Overfishing has reduced population sizes by 90 per cent in some areas over the past several decades, decreased individual fish size and altered the age structure of populations [31, 33, 34] . Colossoma individuals consume enormous numbers of seeds of a diverse array of plant species across the range of the species [9] . For example, we discovered nearly 700 000 intact seeds from 22 tree and liana species in the digestive contents of 230 Colossoma individuals, representing up to 21 per cent of the flora fruiting during the flooded season at our field site in Peru [11] .
Our objective in the present study was to test the hypothesis that Colossoma is an effective vector of long-distance seed dispersal; this study is timely owing to the declining populations of this and other formerly abundant species of frugivorous fishes. We integrate data on the movement patterns, habitat preferences and gut retention times of Colossoma individuals over three flood seasons to generate a spatially explicit mechanistic model of seed dispersal for five species of trees and lianas. We compare seed dispersal curves generated by Colossoma with those produced by 11 other animal dispersers, based on a review of the literature. Finally, we investigate how seed dispersal distance by Colossma varies with fish size and we make inferences on how seed dispersal effectiveness is likely to be influenced by overfishing in the Amazon.
MATERIAL AND METHODS
(a) Study site and focal species We conducted this study during three flood seasons (2004) (2005) (2006) in Pacaya-Samiria National Reserve (5821 0 S; 74830 0 W), a 21 924 km 2 area in northeastern Peru [11, 35] . Approximately 90 per cent of this reserve consists of floodplain forests, other wetlands, rivers and lakes; flooding occurs annually from January to June and floodwaters can reach up to 6 m deep [11, 35] . Colossoma is among the largest species of fishes in tropical South America, and can weigh 20-30 kg and measure more than 1 m in length [31, 33] . Colossoma is common at our field site primarily because fishing pressure is low within the reserve.
(b) Radiotelemetry To study fine-scale spatial movement patterns, we inserted radio transmitters in the opercula of 24 wild sub-adult and adult Colossoma over three flood seasons (2004: n ¼ 5; 2005: n ¼ 7; 2006: n ¼ 12) and released fish at the point of capture. In 2005 and 2006, individuals were weighed and standard length was measured prior to insertion of the radio transmitter; measuring the fish and inserting the transmitter took less than 3-4 min, during which time, we gently moved water over the gills to minimize stress to the fish. The flat transmitter (15.5 Â 50 mm, Advanced Telemetry Systems) was attached with monofilament line to the outer operculum to diminish interference with the gills [10] and to avoid bacterial infection that could arise from surgical implantation. The transmitters weighed less than 1 per cent of the average body mass of Colossoma individuals included in this study (transmitter weight in air ¼ 17 g; Colossoma weight in air: average + s.d.: 1790.8 + 815.4 g; range 750-2900 g; see the electronic supplementary material, appendix table S1 for individual weights), and should therefore not have interfered with fish movement [36] . Low-frequency (40 mHz) coded transmitters were equipped with a 30 day battery [37, 38] . We followed radiotagged individuals in canoes to reduce behavioural disruption that could have occurred from boats with outboard motors.
Every 30 min from 07.00 to 17.00, we located fish by triangulating radio signals from two to four positions (i.e. bearings), recorded their coordinates with a hand-held global positioning system (GPS) unit [37] and noted the habitat from which the radio signal originated. To calculate error around bearings, we took three to four bearings at three or more locations during each follow. We estimated the errors for all other bearings for each individual fish using standard deviations calculated for these locations in the program Locate III (Pacer Computing, Tatamagouche, NS, Canada; http://www.locateiii.com/), and incorporated error into our simulation models (see below). Triangulation was not used during the pilot 2004 season when we were perfecting the technique for following fish in dense flooded forests; instead, locations were determined by approaching the signal until it was strong enough that the fish was likely to be within 15 m and then recording a GPS location. Telemetry accuracy was also tested by attaching a radiotransmitter to fishing line, and hiding it in the water up to 500 m from the telemetry crew. In all cases (n ¼ 5), the exact location of the transmitter was determined, and the device was retrieved.
When we could not locate a fish, we searched extensively for 2 days before capturing a new individual for telemetry. Radiotagged individuals were followed an average of 8.5 + 6.5 days (mean + s.d.; range: 2 h-29.5 days; see the electronic supplementary material, appendix table S1) before being lost. To date, no published study presents data on the fine-scale movements of fruit-eating fish [10] . [11] . Seeds of these five species are a major component of the diet of Colossoma, and germinate rapidly after defecation [11] .
Hourly, we recorded the number of seeds defecated by each fish, and removed all defecated seeds. Gut retention times were longer than expected (see the electronic supplementary material, appendix figure S1); in 2005, we only monitored captive Colossoma during the day, but in 2006 we monitored them by day and night. From the 2005 data, we cannot accurately determine the time that fish defecated seeds at night, so we assumed conservatively that all seeds found in the tank each morning were defecated at a constant rate the previous night. We fed each fish 4-200 seeds from each seed species (depending on the size of the seed), replicated each feeding trial two to three times per fish, and calculated the proportion of seeds defecated during each hour interval (see the electronic supplementary material, appendix table S2 for sample sizes, duration of experiment and number of intact seeds defecated). Fish were fed only one species of seed during each feeding trial. Fish were monitored until they no longer defecated intact seeds, which ranged from 2 to 12 days depending on the species of seed; fish ingested intact 92.4 per cent of the seeds they were fed (see the electronic supplementary material, appendix table S2). During these trials, fish were supplemented with an extruded diet, consisting of 25 per cent protein, designed to meet their dietary needs [11] . Further details about these feeding trials are presented elsewhere, along with results of experiments in which we compared the germination rates of seeds defecated by fish in these trials with seeds in several control treatments [11] .
(d) Simulation model We developed a spatially explicit, individual-based simulation model in C (Microsoft Visual Studio 2005; code available in the electronic supplementary material) that integrates data on movement patterns and habitat affinities of wild fish, and the gut retention times of captive fish. We generated dispersal kernels for the five tree and liana species whose seeds we fed to Colossoma: D. duckei, Cecropia latiloba, Cayaponia cruegeri and C. tubulosa, and A. muricata [11] . The input data for the model are telemetry locations from fish and gut retention times for the different species of seeds. Telemetry locations include a time stamp and a habitat classification. The distributions of seed dispersal distances (i.e. the dispersal kernels) were modelled separately for each species.
The distance a seed disperses is a function of time in the digestive tract and distance the fish moves over that interval from the point of origin. From a random forest or savannah starting location from the fish telemetry data with time stamp t, the model selects a random deviate T from the cumulative distribution of gut retention times to follow the fish. The model then tracks the fish until time stamp t þ T in the telemetry data is reached. If the end of the fish's telemetry data is reached before elapsed time T is reached, the model starts over with a new fish and starting location. Telemetry measurement error associated with each telemetry location is added to locations at time t and t þ T and the distance between these two points is calculated to determine the dispersal distance of the seed. The model flagged dispersal to permanent bodies of water. For each of the five seed species, the model was run for 100 000 iterations to characterize the dispersal shadow for that species. We determined median and 95th percentile dispersal distances for each seed species. (e) Individual-level variation in movement patterns Individual fish vary in their movement patterns, with some fish moving great distances and some apparently moving only locally. To quantify effect of individual variability in movements, we ran the model for 100 000 iterations separately for each of 15 fish that accumulated at least 100 h of observation with at least 100 individual locations. Gut retention times were from the full Cecropia dataset. The effect of individual variation in movements was quantified as the standard error of the median and 95th percentile dispersal distances. We tested the hypothesis that dispersal distances increase with fish size (Proc GLM, SAS v. 9.2).
(f) Comparison with other dispersers We compiled data from studies that quantify movement patterns and gut retention times to compare seed dispersal by Colossoma with dispersal by other frugivores. We used data from seven studies of large-bodied frugivores [7, 8, [39] [40] [41] [42] [43] , one classic study of two passerine and one piciform bird species [44] , and one study of European jays that accounted for habitat [28] (for additional details on data from these studies, see the electronic supplementary material, appendix table S3). We have included dispersal data from the longest distance seed dispersers studied to date: African hornbills [7] and Asian elephants [8] . We gathered data on the proportion of seeds dispersed to different distance classes using the program Engauge Digitizer (v. 4.1; http://digitizer.sourceforge.net). Data for spider monkeys [39] were supplied by S. Russo. When dispersal curves were given for more than one seed species, or congeneric species of frugivores (e.g. two species of hornbills [7] ), we calculated average dispersal distances. We include average dispersal curves from this study and curves from seeds with the minimum (Cayaponia cruegeri) and maximum (Cayaponia tubulosa) gut retention times.
RESULTS (a) Radiotelemetry
We followed 24 radiotagged Colossoma individuals for an average of 8.5 days (see the electronic supplementary material, appendix table S1), which resulted in 1751 h of continuous fine-scale movement data. These highly mobile fish moved at a rate of 50.7 + 26.7 m h -1 (average + s.d.; summary telemetry data in the electronic supplementary material, appendix table S1). These fish moved up to 5.9 km away from the location at the beginning of the telemetry follow, suggesting that they could be vectors of long-distance seed dispersal. (c) Simulation model Our seed dispersal models were multimodal and had fat tails, i.e. dispersal distances did not drop sharply to zero as would be expected based on short-distance movements. These models predict long-distance seed dispersal for all species of seeds (figure 1 and the electronic supplementary material, figure S2 ). Dispersal to floodplain forests and savannahs (suitable habitat) was substantially greater than 0  0  30  60  90  120   0  200  400  600  800  1000  1200  1400  1600  1800  2000  2200  2400  2600  2800  3000  3200  3400  3600  3800  4000  4200  4400  4600  4800  5000  5200  5400  5600  5800 Long-distance seed dispersal by fish J. T. Anderson et al. 3331 dispersal to permanent bodies of water (unsuitable habitat). Only 7.8-9.2% of the seeds in our simulation models were deposited in rivers or lakes (table 1) . Excluding seeds lost to sink habitats, our models predicted that Colossoma dispersed seeds a mean distance of 337-552 m and 5 per cent of seeds were predicted to disperse more than 1707-2114 m, depending on plant species (table 1). All dispersal curves exhibited one peak representative of local seed dispersal within approximately 600 m of the origin (i.e. the maternal plant), and additional peaks representative of interpatch movement: from approximately 600 to 2700 m, and from approximately 4000 to 5500 m.
(d) Individual variation in gut retention times and movement patterns We found substantial variation in estimated seed dispersal distances due to individual differences in movement patterns (see the electronic supplementary material, appendix table S5), indicating that seed dispersal distances may vary with inherent properties of the individual, such as size and age. Larger fish had significantly greater median seed dispersal distances (excluding the potential outlier: b ¼ 0.06 + 0.02; figure 2 ). Similarly, we detected a suggestive trend that long-distance dispersal (95th% percentile dispersal) may also increase with fish weight (F 1,13 ¼ 3.47, p ¼ 0.085, R 2 ¼ 21%).
(e) Comparison with other frugivores As with other well-known large frugivores, Colossoma dispersed the majority of seeds within 200 m of the maternal plant ( figure 3) . However, the long gut retention times, in concert with high mobility, resulted in a fat tail, and estimated maximum dispersal distances were similar to those produced by African hornbills [7] and Asian elephants [8] , and exceeded those of white-tailed deer [40] (figure 3).
DISCUSSION
Enhanced germination following defecation [11] in conjunction with long-distance movements, affinity for habitats favourable for germination and long gut retention times translated into very effective long-distance seed dispersal by Colossoma ( figure 1 ). Modelled dispersal distances greatly exceeded 100 m, which has been defined as 'long distance', [5] (table 1) . Indeed, seed dispersal by Colossoma surpassed the extent of dispersal provided by most abiotic and biotic vectors and rivaled the maximum dispersal distances produced by the longest distance seed dispersers studied to date: African hornbills [7] and Asian elephants [8] (figures 1 and 3; electronic supplementary material, figure S2 and table S3). Colossoma achieved long-distance seed dispersal via a combination of long gut retention times and longdistance movements between patches of flooded habitats. Whereas gut retention times in birds tend to be short (from minutes to hours) [44, 45] , Colossoma had very long retention times for seeds, on par with the 152-157 h retention of Cecropia seeds by a Doradidae catfish [46] . Gut retention time varied significantly as a function of plant species (electronic supplementary material, figure S1 ) and strongly influenced seed dispersal distance. For example, Cayaponia cruegeri seeds had the shortest gut retention time, and Cayaponia tubulosa seeds had the longest gut retention time. This difference resulted in estimated median dispersal distances of Cayaponia tubulosa (the slow species) being twice as far as Cayaponia cruegeri (the fast species; table 1). In contrast, African hornbills [7] achieved long-distance dispersal of seeds via frequent long-distance movements but short gut retention times; hence, interspecific variation in gut retention times of seeds is probably less important for species being dispersed by birds than by fish or mammals, which typically have longer gut retention times (references in the electronic supplementary material, table S3). Our models predict minimal seed loss to permanent bodies of water as Colossoma individuals spent the majority of their time in flooded forests and savannahs during the flooded season. This activity pattern is congruent with Saint-Paul et al. [47] who captured more Colossoma in floodplain habitats than rivers, despite greater sampling effort in rivers. In heterogeneous landscapes, mechanistic models of seed dispersal need to account for the loss of seeds to habitats that are unsuitable for germination and seedling growth. Abiotic vectors, such as wind, disperse seeds indiscriminately across the landscape, which results in large numbers of seeds landing in inappropriate sites [3] . In contrast, frugivores have complex behavioural patterns and often exhibit strong habitat affinities [6, 25] , which may increase the probability of seedling establishment. The preference of Colossoma for floodplain forests and savannahs during peak fruit production (flooded season) resulted in more than 90 per cent of seeds being dispersed to appropriate habitats (table 1 and figure 1 ).
Many species of Amazonian fruits have morphological structures that enhance buoyancy, which can result in long-distance seed displacement (e.g. [17] ). However, for species adapted to fish-mediated dispersal, secondary dispersal by water following defecation is likely to be minimal because seeds generally sink once fruit pulp is removed [9] [10] [11] 17] . It is likely, therefore, that after defecation by fish, seeds are only locally re-distributed within floodplain habitats, e.g. seeds could aggregate around obstacles like fallen logs as flood waters recede. Furthermore, Colossoma and other frugivorous fishes can disperse viable seeds upstream, downstream and between tributaries within the floodplain to hospitable habitats, replenishing seed banks of plant populations whose seeds are moved unidirectionally downstream by rivers [10] .
The dispersal curves of our five Amazonian plant species are multimodal, which has a behavioural explanation:
Colossoma disperses most seeds while foraging within a patch of floodplain forest or savannah (figure 1). However, most fish moved to at least one other patch, and a few fish moved to very distant patches, resulting in intermediate and extremely long-distance seed dispersal (figure 1). Frugivorous fishes have been observed to congregate beneath fruiting trees [9, 10, 15] and could therefore rapidly deplete the local patch of fruit, compelling interpatch movements. Moreover, multimodality may be a common pattern for seeds dispersed by vertebrates. For example, spider monkeys disperse seeds long distances during the day, and shorter distances at night when they are in the same sleep tree for extended periods of time, resulting in a bimodal dispersal pattern [39] . Multimodal dispersal results from more than one process operating on the seed population [48] . For example, Nathan et al. [49] describe a bimodal dispersal pattern for wind-dispersed seeds that results from a combination of relatively local dispersal under canopy-level winds combined with rare, long-distance dispersal due to updrafts. In the present study, there were at least three modes in the dispersal distribution, regardless of plant species: one clearly produced by local movements by all fish, one clearly produced by intermediate-scale movements of some fish, and one clearly produced by large-scale movements of a few fish. The shape of seed dispersal kernels may become more predictable when complex animal behaviour is considered (e.g. [39] ).
Impressive as these dispersal distances are, our seed dispersal curves are conservative for several reasons. First, the dense vegetation within floodplain forests decreased the range of the radiotelemetry devices, thus underestimating the time that fish spent in this habitat. Second, three individuals were lost early during our telemetry work and were not rediscovered. Fishing pressure within the reserve was low during the flood season; it is therefore likely that these fish rapidly travelled outside the 5 km range of our 2 day long searches. Third, overexploitation throughout Colossoma's Figure 3 . Cumulative seed dispersal curves generated by Colossoma macropomum (this study) and 11 other seed dispersers (see the electronic supplementary material, table S3 for information about these studies). We present Colossoma dispersal curves averaged over all seed species, as well as the maximum (Cayaponia tubulosa) and minimum (Cayaponia cruegeri) curves.
Long-distance seed dispersal by fish J. T. Anderson et al. 3333 range has reduced average fish size: individuals we followed were substantially smaller (average weight ¼ 1.7 kg) than the 20-30 kg maximum reported size [31, 33] . In our study, larger individuals had significantly greater median seed dispersal distances (figure 2). Bigger fish also very likely have longer gut retention times owing to longer digestive tracts. Thus, older and larger individuals should disperse seeds noticeably farther than we present here.
CONCLUSIONS
Colossoma macropomum fossils have been discovered in Miocene formations [50] , suggesting that this species has been dispersing seeds for at least 15 million years. Owing to their extensive mobility and long gut retention times, fruit-eating fishes like Colossoma macropomum probably contribute considerably to seed-mediated long-distance gene flow, the spatial genetic structure, and colonization of distant patches in Amazonian wetland plants. Overexploitation of fruit-eating fish has caused massive declines in population sizes since the 1970s [31, 33, 34] . Simulation models suggest that dispersal distances depend, in part, on the density of frugivores: when frugivores are more abundant, dispersal kernels exhibit longer tails because food patches are more rapidly exhausted and frugivores must travel farther to find food [51] . Hence, reduced density of Colossoma could decrease the need to travel long distances and, therefore, diminish seed dispersal distances. Furthermore, overfishing has shifted natural Colossoma populations to younger, smaller fish [31, 33, 34] , which are less effective seed dispersers than their older and larger counterparts [11, 17, 22] (figure 2). Overharvesting of frugivorous fish has myriad effects on seed dispersal effectiveness (sensu [26] ) in Amazonian floodplain forests, including a reduction in the quantity of seeds dispersed [22] , the viability of consumed seeds [11, 17] and the spatial extent of dispersal (figure 2). Thus, overfishing probably compromises long-distance seed dispersal in Amazonian forests.
